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The role of fire in the population dynamics of the threatened plant species
Pomaderris walshii and Pomaderris adnata
Abstract
Fire is a common occurrence across the Australian landscape, hence it is important to understand the
effect that fire has on vegetation. In fire prone habitats, fire regimes have shaped the evolution,
demography and life history traits of the associated vegetation. The fire regime is composed of a number
of characteristics, such as frequency, severity, intensity and seasonality, all of which can contribute to
shaping population persistence and response.
This study looks at the effect of fire severity on dormancy, germination and recruitment, with particular
emphasis on the impact it can have on temperatures reached within the soil profile. Soil temperature has
a direct effect on seeds with physical dormancy and the focus of this study is on two physically dormant
and endangered species, Pomaderris walshii and Pomaderris adnata (Rhamnaceae). This study aims to
gain an understanding of how these two species respond to fire by:
(1) Determining the dormancy breaking temperature thresholds, as well as the initial seed viability, for
both species
(2) Estimating whether there is a germination response from seeds stored within the soil seed bank for P.
walshii, and
(3) Evaluating the post-fire life history of P. adnata through tracking seedling emergence and adult
resprouting response.
Dormancy breaking temperature thresholds of seeds were determined for both species by applying three
heat-shock treatments (60, 80 and 100°C) and following germination response compared against an
unheated control. As expected, the germination occurred after application of heat shock treatments, with
the amount of germination increasing with increasing temperatures for both species. The greatest
germination response occurred after the 100 C treatment, indicating that both species had very high
dormancy-breaking temperature thresholds compared to many other physically dormant species in the
region.
For P. walshii, I applied a fire treatment to soil seed bank samples collected from underneath adult plants.
Different amounts of leaf litter were used to simulate different severities of fire, placed on top of replicate
soil samples and then burnt. Seedling emergence was monitored over time. All replicates which were
subjected to heat treatments were able to produce at least one P. walshii seedling. However, there was no
significant effect of the experimental fire severity, which failed to produce significantly different soil
temperatures. While a low level of emergence (60.69 ± 26.64 seedlings per square metre) occurred in
response to heat, a lack of a greater response was presumably due to higher soil temperatures not being
reached.
Post-fire response and seedling emergence of P. adnata, followed after a section of its population had
been burnt, allowed some understanding of the post-fire dynamics of this species. A major finding of this
study was that P. adnata was found to resprout post-fire, although it was previously thought to have no
resprouting capabilities. A near significant relationship was found for diameter at breast height (DBH) and
resprouting, with increasing DBH resulting in a decrease in adults which are found to be resprouting.
Following the initial flush of P. adnata seedlings, seedling survival remained high, with the mean number
of seedlings per square meter (12 ± 4.6 seedlings per square meter) remaining relatively unchanged
throughout the duration of the census. This initial large flush was not followed by subsequent pulses of
emergence, despite several large rainfall events. This suggests that all dormant seeds had been

exhausted from the seed bank.
The outcomes of this study have enabled a much better understanding of the ecology of these species,
particularly in their response to fire. The results of this study lead to the conclusion that both species
respond to fire and that seedling recruitment is cued to the post-fire environment. Importantly, the high
temperatures required to break dormancy suggest that a higher severity fire would produce the greatest
germination response by ensuring higher soil temperatures. This should be considered when
implementing fire as a management tool, to achieve high levels of recruitment.
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Abstract
Fire is a common occurrence across the Australian landscape, hence it is
important to understand the effect that fire has on vegetation. In fire prone
habitats, fire regimes have shaped the evolution, demography and life history
traits of the associated vegetation. The fire regime is composed of a number of
characteristics, such as frequency, severity, intensity and seasonality, all of
which can contribute to shaping population persistence and response.

This study looks at the effect of fire severity on dormancy, germination
and recruitment, with particular emphasis on the impact it can have on
temperatures reached within the soil profile. Soil temperature has a direct effect
on seeds with physical dormancy and the focus of this study is on two
physically dormant and endangered species, Pomaderris walshii and
Pomaderris adnata (Rhamnaceae). This study aims to gain an understanding of
how these two species respond to fire by:
(1) Determining the dormancy breaking temperature thresholds, as well
as the initial seed viability, for both species
(2) Estimating whether there is a germination response from seeds stored
within the soil seed bank for P. walshii, and
(3) Evaluating the post-fire life history of P. adnata through tracking
seedling emergence and adult resprouting response.

Dormancy breaking temperature thresholds of seeds were determined for
both species by applying three heat-shock treatments (60, 80 and 100°C) and
following germination response compared against an unheated control. As
expected, the germination occurred after application of heat shock treatments,
with the amount of germination increasing with increasing temperatures for
both species. The greatest germination response occurred after the 100 C
treatment, indicating that both species had very high dormancy-breaking
temperature thresholds compared to many other physically dormant species in
the region.

For P. walshii, I applied a fire treatment to soil seed bank samples
collected from underneath adult plants. Different amounts of leaf litter were
used to simulate different severities of fire, placed on top of replicate soil

v

samples and then burnt. Seedling emergence was monitored over time. All
replicates which were subjected to heat treatments were able to produce at least
one P. walshii seedling. However, there was no significant effect of the
experimental fire severity, which failed to produce significantly different soil
temperatures. While a low level of emergence (60.69 ± 26.64 seedlings per
square metre) occurred in response to heat, a lack of a greater response was
presumably due to higher soil temperatures not being reached.

Post-fire response and seedling emergence of P. adnata, followed after a
section of its population had been burnt, allowed some understanding of the
post-fire dynamics of this species. A major finding of this study was that P.
adnata was found to resprout post-fire, although it was previously thought to
have no resprouting capabilities. A near significant relationship was found for
diameter at breast height (DBH) and resprouting, with increasing DBH resulting
in a decrease in adults which are found to be resprouting. Following the initial
flush of P. adnata seedlings, seedling survival remained high, with the mean
number of seedlings per square meter (12 ± 4.6 seedlings per square meter)
remaining relatively unchanged throughout the duration of the census. This
initial large flush was not followed by subsequent pulses of emergence, despite
several large rainfall events. This suggests that all dormant seeds had been
exhausted from the seed bank.

The outcomes of this study have enabled a much better understanding of
the ecology of these species, particularly in their response to fire. The results of
this study lead to the conclusion that both species respond to fire and that
seedling recruitment is cued to the post-fire environment. Importantly, the high
temperatures required to break dormancy suggest that a higher severity fire
would produce the greatest germination response by ensuring higher soil
temperatures. This should be considered when implementing fire as a
management tool, to achieve high levels of recruitment.

vi

Table of Contents
Chapter

Title

Page

Title page………………………………………………………...…i
Disclaimer…………………………………………………..…..…ii
Acknowledgments…………………………………………..…….iii
Abstract…………………………………………………….……..iv
Table of Contents…………………………………………...….…vi
List of Figures………………………………………………...…viii
List of Tables…………………..………………………...…..…….x
1

General Introduction…………………………………………….1
1.1 Demographic research and fire………………………………..1
1.2 Fire regime…………………………………………………….1
1.3 Fire response…………………………………………………..2
1.4 Seed banks, dormancy and germination cues…………….……2
1.5 Recruitment……………………………………………………5
1.6 Rare and threatened species…………………………………...5
1.7 Pomaderris…………………………………………………….7
1.8 Study aims and thesis structure………………………………..8

2

Pomaderris walshii………………………………………………10
2.1 Study species……………………………………………...….10
2.2 Methods…………………………………………………...….11
2.2.1 Study site and habitat context…………………………...….11
2.2.2 Seed germination and viability trials…………………...…..12
2.2.3 Soil seed bank trials……………………………………...…14
2.2.4 Data analysis…………………………………………..…...17
2.3 Results………...…………………………………………..….17
2.3.1 Seed germination trials………………………………..……17
2.3.2 Soil seed bank trials………………………………………...18

vii

3

Pomaderris adnata………………………………………………21
3.1 Study species………………………………………………....21
3.2 Methods………………………………………………………22
3.2.1 Study site and habitat context………………………………22
3.2.2 Seed germination and viability trials……………………….23
3.2.3 Field observations: Post-fire resprouting and seedling
emergence…………………………………………………24
3.2.4 Data analysis……………………………………………….26
3.3 Results………………………………………………………..26
3.3.1 Seed germination trials……………………………………..26
3.3.2 Field observations: Post-fire resprouting………………......27
3.3.3 Field observations: Seedling emergence…………………...28

4

General Discussion……………………………………………...31
4.1 Pomaderris seed dormancy and the role of temperature in
germination……………………………………………………….31
4.2 Pomaderris walshii seed persistence within the soil seed
bank………………………………………………………………34
4.3 Post-fire recruitment dynamics of Pomaderris adnata………36

5

Management implications and future research……………….39
5.1 Management implications……………………………………39
5.2 Future research...……………………………………………..40

References……………………………………………………….41
Appendices………………………………………………………45
Appendix 1: Results from soil seed bank pilot study…………….46
Appendix 2: Succession of new emergence in the soil seed bank
experiments………………………………………………………47

viii

List of Figures
Figure 2.1: Image of P. walshii taken at the Carrington Falls site…………………………..10
Figure 2.2: Maps showing the P. walshii study location; map on left shows general area of the
site, map on right shows location of the site in relation to Wollongong…………………….11
Figure 2.3: Prepared petri dish for P. walshii germination with moist filter paper and
gladwrap sealing edges………………………………...…………………………………….13
Figure 2.4: iButtons placed at two depths within the soil samples, 3cm below soil surface on
the left and 1cm below soil surface on the right……………………………………………...15
Figure 2.5: Burns were conducted within a safety barrier (left), and were allowed to continue
burning until all leaf litter was reduced to ash (right)………………………………………..16
Figure 2.6: P. walshii seedling in centre which emerged from the soil seed bank after heat
treatment……………………………………………………………………………………...16
Figure 2.7: Mean proportion of initially viable P. walshii seeds germinated. Bars represent 1
standard error. Letters represent tukeys ad hoc test………………….………………………18
Figure 2.8: Column chart showing the maximum temperatures reached for both the 1kg/m²
and 1.5kg/m² treatments for each replicate……………………….………………………….19
Figure 2.9: Mean number of P. walshii seedlings germinated per treatment. Bars represent 1
standard error…………………………………………………………………………………19
Figure 2.10: Scatter plot showing the number of P. walshii seedlings emerged from the stored
seed bank plotted against the maximum temperature reached at 1cm soil depth (relationship
non-significant at P < 0.05)…………………………………………………………….…….20
Figure 3.1: Image of P. adnata taken at the Sublime Point site………….…………..………22
Figure 3.2: Maps showing the P. adnata study location; map on left shows general area of the
site, map on right shows location of the site in relation to Wollongong..……….………..….23
Figure 3.3: P. adnata petri dish placement within the Labec incubator (left), prepared petri
dish with moist filter paper and gladwrap sealing edges (right).…………………………….24
Figure 3.4: Mature P. adnata plant actively resprouting post-fire…………...………………25
Figure 3.5: 1m x 1m quadrats were set up within 1m of a mature P. adnata tree...…………26
Figure 3.6: Mean proportion of initially viable seeds germinated. Bars represent 1 standard
error. Letters represent Tukeys ad hoc test…………………………..………………………27
Figure 3.7: Logistic regression showing relationship between DBH and resprouting for P.
adnata………………………………………………………………………….…….……….28
Figure 3.8: Number of new P. adnata seedlings at each census against total rainfall of each
month…………………………………………………………………….…………………...29
Figure 3.9: Mean number of P. adnata seedlings per square meter. Bars represent 1 standard
error…………………………………………………………………………………………..29

ix

Figure 3.10: Column graph showing total number of new P. adnata seedlings and total
number of seedling death at each census……………………………………………………..30
Figure 3.11: Following P. adnata cohorts through each census…..………………………....30

x

List of Tables
Table 1.1: The seven forms of rarity based on three characteristics: geographic range, habitat
specificity and local population size. Source: Rabinowitz, 1981……………………………...6
Table 3.1: Coefficient and probabilities for relationship between plant height, DBH and
resprouting………………………………………………...………………………………….27

1

Chapter 1: General Introduction
1.1 Demographic research and fire
Understanding plant demography and population structure allows for the acquirement
of the knowledge necessary for the monitoring and management of plant species. The habitat
in which certain plant species are found can dramatically affect species demographics. One
such factor that can greatly affect population structure and demography is a fire-prone habitat
where aspects such as plant fire response, and the fire regime are major determinants of
population structure. Within fire-prone vegetation, it has been determined that fire acts upon
several life history stages of component species, such as germination and recruitment. For
species with physically dormant seeds, for example, certain cues such as heat shock produced
during fire are required to break dormancy.

1.2 Fire regime
Fire is a common occurrence within the Australian landscape, with Australia being
the most fire prone of all continents (Bradstock, 2010). The effect which fire has on
vegetation is attributed to the characteristics of fire, such as frequency, severity, intensity, and
seasonality (Chuvieco, Giglio & Justice, 2008; Murphy et al., 2013), which define the fire
regime. The drivers of variability in these fire regime factors can include temperature,
rainfall, seasonality, the dynamics of biomass growth (fuel) and the availability to burn
(dryness) (Russell-Smith et al., 2007). When a fire goes through an environment intricate
patterns of burnt, scorched and unburnt vegetation leads to the determination of fire severity
and fire intensity (Knox & Clarke, 2016), and in turn regeneration patterns (Chuvieco, Giglio
& Justice, 2008). Moisture availability plays a key determining role in the severity and
intensity of a fire, with dry ecosystems expected to have infrequent, low intensity fires and
wet ecosystems expected to have infrequent, high intensity fires (Murphy et al., 2013).
Bradstock (2010) integrates the idea of moisture availability being a key determinant of fire
regime in his ‘four switch’ conceptual model which suggests that fire is limited by four
‘switches’. Each ‘switch’ must be activated in order for a fire to occur; (1) biomass
production, (2) availability for biomass to burn (i.e. low fuel moisture), (3) ambient
conditions appropriate for fire spread (i.e. high temperatures, high wind speed and low
humidity) and (4) ignition (i.e. anthropogenic or lightning). The season in which the fire
occurs can also have a major impact on the effects of the fire, as it plays an important role in
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regulating seedling recruitment due to rainfall requirements for germination as well as
affecting timings for seed release (Knox & Clarke, 2006).

1.3 Fire response
Understanding the response of species in fire prone areas to key aspects of the fire
regime is vital for predicting the persistence of these species. The fire regime can affect all
stages of plant life history, making it hard to predict the effect a fire will have on a population
(Hoffman, 1999). The life history stages which are most affected are sexual reproduction,
seed bank dynamics, seedling establishment, individual size, growth and mortality (Hoffman,
1999). Plants have certain mechanisms which enable them to persist through disturbance,
considered to be adaptive traits when they allow for a fitness advantage (Keeley et al., 2011).
The two broad mechanisms which allow plant species to persist under recurrent disturbances,
such as fire, are resprouting from surviving tissue and seedling recruitment or germination
(Vivian, Doherty & Cary, 2010; Pausas & Keeley, 2014), both of which are adaptive in fireprone areas (Clark et al., 2010). The post-fire response of a species can be divided into three
categories; (1) obligate resprouters, which rely on resprouting post-fire in order to regenerate
the population, (2) facultative seeders, which are able to both resprout and germinate post-fire
and (3) obligate seeders, which do not have the ability to resprout post-fire and solely rely on
post-fire germination to regenerate the population (Pausas & Keeley, 2014). Obligate
resprouters have the advantage of a rapid return to adult growth rates, and hence
replenishment of the seed bank, when compared to obligate seeders which risk recruitment
failure (Lamont, Enright & He, 2011), however resprouting can potentially lead to a
reduction in sexual reproduction, resulting in a reduced gene pool (Lawes & Clarke, 2011).
Clarke & Knox (2002) also found while determining the fire response of 200 shrub taxa that
the most common fire reponse was resprouting from basal stem buds or root suckers. In this
study it was found that the second most common fire response was regeneration through soil
seed bank, and the least common mechanism was regeneration from canopy-stored seed.

1.4 Seed banks, dormancy and germination cues
In order to survive disturbance regimes many plants maintain dormant seed banks as a
mechanism for survival. Within fire-prone landscapes many plant species store seeds within a
seed bank in order to delay germination until favourable conditions are met. Seeds can be
either canopy-stored (serotinous species) or soil-stored (non-serotinous species) (Baskin &
Baskin, 1998; Clarke, Knox & Butler., 2010). Serotinous species maintain seeds in structures
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such as cones (e.g. Banksia) which release seeds when fire kills the stem or enough heat is
generated to cause follicles to open. The timing of germination to the post-fire environment
for serotinous species is therefore determined by seed release, and seeds are non-dormant.

The majority of seeds in fire-prone systems are non-serotinous, and have soil-stored
seed banks (Auld, Keith & Bradstock, 2000). Within the Sydney region of southeastern
Australia, approximately 89% of species found in fire-prone landscapes are known to have
some form of soil seed bank (Auld, Keith & Bradstock, 2000; Auld & Ooi, 2009). Seeds
which are dormant within the seed bank remain until favourable conditions are met which are
able to break dormancy and/or promote germination, with favourable conditions differing
with each type of dormancy. Baskin & Baskin (1998; 2004) propose a dormancy
classification which includes physiological, morphological, morphophysiological, physical
and combinational dormancy classes (this latter class is physical and physiological dormancy
combined). In order for recruitment to occur, it is vital that the dormant seeds are exposed to
cues which promote germination in the post-fire environment where conditions are conducive
to successful recruitment. Within this environment, a combination of increased availability of
resources, reduced competition and relative freedom from herbivory (Ooi, Auld & Whelan,
2004) enables those individuals lost in the fire to be replaced. Due to the nature of seed
dormancy in fire-prone systems, dormancy-breaking cues have been a focus of many recent
studies. With regards to plants with physical dormancy, where the germination of viable
seeds is limited by an impermeable seed coat which limits the uptake of water (Jaganathan,
Yule & Liu, 2016), the key cues which have been studied include season-related soil heating
and heat shock from fire (Auld & O’Connell, 1991; Pritchard, Tompsett & Manger, 1996;
Ekpong, 2009; Ooi, Auld & Denham, 2009; Martinez-Baniela et al., 2016). In plants with
physiological dormancy the key dormancy breaking processes include stratification and afterripening, with species from fire-prone environments often requiring smoke as a germination
stimulant (Carrera et al., 2008; Auld & Ooi, 2009; Santana et al., 2010; Mackenzie et al.,
2016).

Within the Australian context, cues relating to fire are of significant importance.
Several studies (Auld, 1986; Portlock et al., 1990; Auld & O’Connell, 1991; Gilmour,
Crowden & Koutoulis, 2000; Kenny, 2000; Read et al., 2000; Wills & Read, 2002; Pickup,
McDougall & Whelan, 2003; Thomas, Morris & Auld, 2003; Williams et al., 2003; Baker et
al., 2005; Knox & Clarke, 2006; Wright, Latz & Zuur, 2016) have focused on germination
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cues relating to fire, with heat and smoke being the most significant in breaking dormancy or
stimulating germination. Heat stimulated germination is a common mechanism amongst
physically dormant plant species which occur in fire-prone landscapes (Wright, Latz & Zuur,
2016; Keeley et al., 2011), hence it is important to identify the most effective cues for the
breaking of seed dormancy. Wright, Latz & Zuur (2016) conducted a study on the response
of Acacia aptaneura to fire, finding that low severity burning induced resprouting with little
seedling recruitment, whereas high severity burns resulted in high levels of recruitment but
little to no resprouting. Where high severity fires occur it is likely that most adult plants will
be killed, hence germination from seeds stored in the seed bank may be more important in
these systems. In a study of 35 Australian legume species by Auld & O’Connell (1991) it was
found that temperatures of 40, 60, 80 or 100°C were able to break seed dormancy, with
greatest germination occurring between 80 and 100°C, and temperatures of 120°C resulting
in seed mortality in most species. Similarly, Williams et al. (2003) found in a study of 10
Australian legume species that heat treatments of 80 and 100°C were able to break dormancy,
with temperatures of 120°C resulting in seed mortality. Wills & Read (2002) compared the
effects of both heat and smoke on germination in an ex-situ experiment on southeast
Australian heath, applying dry heat to soil samples at 100°C or 22mL of smoke water. This
study found that heat was more successful in breaking dormancy with 10x more germination
than in the control, with the smoke treatment having 5x more germination than the control. In
contrast, Kenny (2000) also compared the effects of both heat and smoke on germination for
three Grevillea species and found that smoke was more effective than heat, however both
treatments were able to significantly increase the level of germination seen in each species.

In order to determine how fire frequency may affect a landscape it is important to
determine both how long a seed will survive within the seed bank as well as the time frame of
the primary juvenile period of the species. This will allow for the knowledge of how often a
fire can occur without reducing the population size or compromising the ability for
regeneration in soil-stored seeds, Once seeds have germinated, it is vital that the plants have
enough time to mature prior to the next disturbance event. Where fire frequency is too high,
post-fire cohorts of obligate seeding species can decline prior to reaching maturity and
replenishing the seed bank (Ooi, Auld & Whelan, 2004).
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1.5 Recruitment
In fire-prone landscapes natural fire regimes are a major determinant of population
dynamics, namely demography and life history traits. Where plants are completely killed by
fire (obligate seeders), population survival relies solely on successful recruitment from the
stored seed bank (Auld & O’Connell, 1991). For physically dormant species, successful
recruitment post-fire is directly influenced by the size and longevity of the seedbank, seed
distribution within the soil profile, germination cues such as fire and smoke, fire intensity and
favourable post-fire environmental conditions (Auld, 1986; Auld, Keith & Bradstock, 2000).
Wright, Latz & Zuur (2016) describe two hypotheses which relate to post-fire germination;
(1) pre-burn reserve hypothesis, where post-fire recruitment is linked to the phenology of the
plants prior to the fire and the status of the seed banks during the fire, and (2) temperature
threshold hypothesis, where post-fire recruitment relies on sufficient temperatures being
reached throughout the duration of the fire in order to break seed dormancy. Where a site has
a sufficient stored seed bank, soil temperature is the most limiting factor in regards to
recruitment. It is expected that strong recruitment will occur post-fire when the majority of
the seed bank is able to break dormancy through heat shock, however if these temperatures
either exceed the lethal limit or are not greater than the minimum required to break dormancy
recruitment will occur at a lower rate than expected (Johnstone & Chapin III, 2006; Wright,
Latz & Zuur, 2016). Due to a reliance on temperature in physically dormant species,
patchiness in soil temperature due to a patchy fire or different fuel types can be used to
explain the variability seen throughout a landscape post-fire. By using a stored seed bank for
recruitment, opposed to resprouting from adult plants, genetic variability is kept throughout
the population. Where seed banks are of a persistent nature multiple generations are able to
recruit at once after a fire event, leading to greater genetic variability (Herranz, Ferrandis &
Martinez-Sanchez, 1998).

1.6 Rare and threatened species
Many species are endemic to a particular geographical range, and where this range is
considered small these species can be defined as rare (Ohlemuller et al., 2008). Rare species
which show a decline in population numbers, as well as a reduced spatial distribution, are
potentially at a high risk of extinction (Levine & Rees, 2004; Wamelink, Goedhart & Frissel,
2014), hence much emphasis has been placed on these species in recent ecological studies.
There are many ways in which a species can become rare including, but not limited to,
intrinsic reasons, dispersal capacity, abiotic circumstances and human influence (Wamelink,
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Goedhart & Frissel, 2014). In a review on rarity in plant species, Rabinowitz (1981)
constructed rarity categories which are distinguished by three aspects of the situation of a
species: (1) geographic range, (2) habitat specificity and (3) local population size. Using
these three aspects, a rarity table was constructed with 8 cells, the top left not being rare
leaving the determination of seven forms of rarity (Table 1). Those species which are
restricted in both geographic range and habitat specificity are considered to be classic rarities,
due to restricted endemism, and are often listed as endangered, threatened or vulnerable
(Rabinowitz, 1981; Levine & Rees, 2004).

Table 1.1: The seven forms of rarity based on three characteristics: geographic range, habitat
specificity and local population size. Source: Rabinowitz, 1981

The Australian landscape forms the habitat for over 500,000 flora and fauna species,
with many of these being Australian endemics (Office of Environment & Heritage, 2015).
Within New South Wales (NSW) close to 1000 plant and animal species are at risk of
extinction, with these species being placed under the protection of the Office of Environment
and Heritage (OEH). Under the Threatened Species Conservation Act 1995 (NSW) species
are assessed by the Scientific Committee and can be placed into one of four classes: (1)
species presumed extinct, where the species has not been recorded in its known or expected
habitat, (2) critically endangered, where the species is facing an extremely high risk of
extinction, (3) endangered species, where the species is facing a high risk of extinction but is
not eligible to be listed as critically endangered, and (4) vulnerable species, where the species
is facing a high risk of extinction but is not eligible to be listed as either endangered or
critically endangered. Submissions for the listing of a species into one of these four classes
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can be made either by the Scientific Committee, or by request to the Scientific Committee
from the minister or any other person (Threatened Species Conservation Act 1995 NSW).

1.7 Pomaderris
The Pomaderris genus belongs to the Rhamnaceae family, a widespread family which
is currently estimated to contain 925 species globally. Many species within this family are
known to possess seeds with physical dormancy (Baskin & Baskin, 1998; Turner et al.,
2005), hence seeds are characterised by a water-impermeable seed coat which consists of one
or more palisade layers of lignified cells. These species with physical dormancy typically
possess a water gap which acts as a seal, not allowing water to penetrate until favourable
conditions have been met (i.e. dormancy has been broken). Once appropriate germination
cues have been initiated this seal is broken and water is then able to penetrate the seed coat
(Baskin & Baskin, 1998; Turner et al., 2005). The Rhamnaceae family is well represented
across the Australian landscape with over 200 species, with 90% of these being Australian
endemics (Ladiges et al., 2005; Turner et al., 2005). The Pomaderris genus currently has 68
species occurring across the Australian landscape, with 50 of these being Australian
endemics. It the largest Rhamnaceae genus within Australia, however distribution is largely
limited to Australia with 8 species also occurring in New Zealand (Walsh, 2008; Messina,
Walsh and Whiffin, 2010). Pomaderris can be found distributed across south-western,
southern and eastern Australia, with the most diversity being displayed throughout eastern
Australia (Ladiges et al., 2005). Within NSW there are 46 species of Pomaderris (Harden,
1999), with 17 of these falling into one of the four classes determined by the Threatened
Species Conservation Act 1995 NSW. Five species (Pomaderris bodalla, Pomaderris
gilmourii var. cana, Pomaderris notata, Pomaderris pallida, and Pomaderris parrisiae) are
listed as vulnerable, eight species (Pomaderris adnata, Pomaderris brunnea, Pomaderris
cocoparrana, Pomaderris cotoneaster, Pomaderris elachophylla, Pomaderris prunifolia,
Pomaderris queenslandica and Pomaderris sericea) are listed as endangered, three species
(Pomaderris delicata, Pomaderris reperta and Pomaderris walshii) are listed as critically
endangered and one species (Pomaderris paniculosa supsp. Paniculosa) is listed as presumed
extinct (Office of Environment and Heritage, 2016).

Despite the extreme vulnerability experienced by a number of species within the
Pomaderris genus, little work has been carried out on understanding their ecology. In the few
studies that have been conducted, fire response has been the key subject. Warcup (1980)
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looked at the effect of soil heating by use of aerated steam on a variety of plant species from
different families. In this study it was found that heating of the soil at 60 or 71°C for 30
minutes was able to significantly increase germination in Pomaderris aspera with 13
seedlings emerging in untreated soil and 268 seedlings emerging in heated soil. Similarly,
Turner et al. (2005) found that germination rates of Pomaderris paniculoa increased where
seeds were treated by hot water. Further study by Haines et al. (2007) tested germination
rates of Pomaderris hamiltonii and Pomaderris kumeraho using five different dormancybreaking treatments including boiling water, smoking, pre-sowing heat, pre-sowing heat plus
smoke, and sulphuric acid. The response of both species differed, with the most successful
treatment for P. hamiltonii being sulphuric acid combined with warmth during germination,
which resulted in 97% germination and the most successful treatment for P. kumeraho being
boiling water combined with warmth during germination, which resulted in 50% germination.
From these studies it is evident that Pomaderris are physically dormant, requiring some form
of dormancy breaking cue such as scarification or heat shock treatment.

1.8 Study aims and thesis structure
Due to a significant lack of research on threatened plant species within the genus
Pomaderris, very little is known about the ecology of these plants or the processes that enable
persistence of their populations through time. Research on patterns of seed viability,
germination requirements and recruitment will improve our capacity to manage viable
populations into the future. The aim of this honours study was to examine the role of fire
regimes in population dynamics of two endangered Pomaderris species; P. walshii and P.
adnata. This will be achieved using a series of field-based observations and laboratory-based
experiments that examine the effects of fire regimes and heat treatments on seed viability,
storage in the soil seed bank, seed germination rates, seedling recruitment and survival postfire. Given the importance of fire in vegetation community dynamics of sclerophyll forests
and heathlands of Eastern Australia, it is envisaged that knowledge of the seed germination
and recruitment requirements will enable land managers to design more informed fire
management plans for these and other endangered Pomaderris species.

The research components of this thesis are divided into three main sections: Chapter 2
(Pomaderris walshii), Chapter 3 (Pomaderris adnata), Chapter 4 (General Discussion) and
Chapter 5 (Management Implications and Future Research). It was necessary to separate the
studies of each species into two chapters, given differences in aims, methods and study
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systems. The specific aims that were addressed for each species, as well as methods, are
outlined separately in each species’ relevant chapter.
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Chapter 2: Pomaderris walshii
2.1 Study species
Pomaderris walshii (figure 2.1), commonly known as the Carrington Falls
Pomaderris, is listed as critically endangered under the Threatened Species Conservation Act
1995 NSW. This species has a highly restricted distribution spanning from the upper
catchment of the Kangaroo River to above the escarpment near Robertson within the Sydney
Basin Bioregion (OEH, 2015a). There are two known extant populations: the first occurs
within Budderoo National Park and consists of 13 known individuals, whilst the second
occurs on private freehold land and consists of 30 known individuals (OEH, 2015a). In a
survey conducted by the Office of Environment and Heritage during 2013 and 2014 five key
threats to the survival of P. walshii were identified; (1) Changing land-use at the private
freehold site, (2) altered fire regimes, (3) small population sizes, resulting in low genetic
variability and reduced population viability, 4) flood damage due to a high regional rainfall of
approximately 1800mm annually, and 5) sheep and cattle grazing on private property.

Figure 2.1: Image of P. walshii taken at the Carrington Falls site.

Pomaderris walshii is known to occur within riparian habitats, being located in areas
of shrubland to open grassy forest. Pomaderris walshii is a shrub or small tree which has a
growth limit of approximately 3m. Distinguishable features of this species include: (1) a layer
of white and silver hairs on juvenile stems, leaf under-sides and the outer surface of flowers;
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(2) leaves with an obtuse base and acute to acuminate tips, with dimensions of 36-60mm long
and 14-22mm wide; and (3) cream to yellow coloured flowers which are externally covered
with soft hairs (OEH, 2015a).

Within this chapter, the P. walshii component of this study, we aim to determine the
temperature thresholds at which dormancy is broken or seed mortality is reached via
germination trials using heat shock treatments. We will also evaluate the density of seeds
within the soil seed bank using ex-situ burn treatments in order to simulate a natural fire
regime. Both of these experiments will enable us to determine seed germination rates as well
as seedling survival.

2.2 Methods
2.2.1 Study site and habitat context
Pomaderris walshii is endemic to a small area upstream of Carrington Falls within
Buderroo National Park (figure 2.2). This location is in the Southern Highlands near
Roberston, which is 34km south-west of Wollongong (34°37’S, 150°39’E) (Pickup,
McDougall & Whelan, 2003), and is within the Sydney Basin Bioregion and the Central
Tablelands Botanical Subdivision (Thackway & Cresswell, 1992).

Figure 2.2: Maps showing the P.walshii study location; map on left shows general area of the
site, map on right shows location of the site in relation to Wollongong.
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The vegetation of the area includes Sydney Montane Dry Sclerophyll Forest and
Southern Escarpment Wet Sclerophyll Forests, both with a shrubby sub-formation (OEH,
2015a). In a study by Tozer et al. (2010) the vegetation classes across the entirety of NSW
were mapped. This survey showed that P. walshii lies within two vegetation classes: (1)
Southern Lowland Wet Sclerophyll Forests, in which P. walshii are found within the
Escarpment Foothills Wet Forest. This vegetation class has small trees showing the highest
percentage of cover, followed by the tree canopy, shrub and ground cover. The predominant
tree species within this area include Syncarpia glmulifera, Corymbia gummifera, Eucalyptus
piperita, and E. scias, while the predominant shrubs species include Persoonia linerais,
Leucopogan lanceolatus, Acacia obtusifolia, Tetratheca thymifolia, Elaeocarpus reticulatus,
and Banksia spinulosa and the predominant groundcover species include Dianella caerulea,
Entolasia stricta, Pteridium esculentium and Lepidosperma urophorum. It is estimated that
over 85% of the initial area still remains, with a total of 310 flora species persisting within the
area, and (2) Budderoo-Morton Plateau Forest, which is a low eucalypt forest with a dense
sclerophyll shrub stratum with an open groundcover which is dominated by sedges. The
vegetation class of this area is Sydney Montane Dry Sclerophyll Forest, with shrubs forming
the highest percentage of vegetation cover followed by ground cover, small trees and the tree
canopy. The predominate tree species within this class include C. gummifera, E, sieberi, and
E. piperita, the predominate shrub species include Bosssiaea kiamensis, Aotus ericoides, B.
paludosa, Leptospermum trinervium, Ampera xiphoclada, A. obtusifolia, B. serrata, and
Epacris longifolia and the predominant ground cover species including Lomandra longifolia,
Gahnia sieberiana, Gleichenia dicarpa and Empodisma minus. It is estimated that 80-95% of
the initial area still remains, with a total of 210 flora species persisting within the area with
two of these being unique to the area.

2.2.2 Seed germination and viability trials
Seeds for use in experiments were collected during May, 2016, with some being
collected during March, 2016 due to holes being present within the bags, and dry-stored
within paper bags inside a laboratory at room temperature. Prior to germination seeds were
exposed to one of three heat shock treatments to break physical dormancy: 60, 80, and
100°C, applied using a CONTHERM Series 5 oven. These temperatures were chosen in order
to determine the lower temperature limits at which dormancy can be broken. Due to the rare
nature of P. walshii sufficient seed was not available to perform additional heat shock
treatments at higher temperatures. Additionally, lower temperatures were chosen in order to
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avoid high rates of seedling mortality. Each replicate consisted of 15 P. walshii seeds within
one glass petri dish, with three replications per heat shock treatment. The number of seeds
within each replicate is low, again due to the rare nature of P. walshii resulting in a limited
number of available seeds. Nevertheless, prior work had indicated that seed viability is high
in this group, minimising the limitations of using low numbers per replicate. Seeds were
exposed to each heat treatment for 10 minutes, which was identified as an appropriate length
of time to break dormancy without causing high rates of seedling mortality in previous
studies (Auld & O’Connell, 1991; Mackenzie et al., 2016), with each replicate being placed
into the oven individually. Once each treatment had occurred, seeds were placed into plastic
9cm petri dishes, lined with filter paper, watered so as the filter paper was moist but not
flooded, and sealed using gladwrap (figure 2.3). Along with the treated replicates, three
control replicates, which also had 15 seeds per petri dish, were prepared in the same way but
not exposed to the heat-shock treatments.

Figure 2.3: Prepared petri dish for P. walshii germination with moist filter paper and
gladwrap sealing edges.

Petri dishes were placed inside a Labec incubator kept at 25°C/18°C with 12h/12h
light and dark conditions in order to simulate conditions similar to those which are faced
within the habitat of P. walshii during summer. Seeds were inspected twice per week and
data was recorded for imbibition, i.e. the uptake of water by seeds, and germination.

14

Seedlings were removed from each dish upon germination. Petri dishes within the incubator
were rotated weekly in order to reduce the effect of position bias on germination.
Germination was followed for 60 days, with most replicates having completed germination
prior to the end date. At the conclusion of the germination trials all seeds which had not
germinated were dissected in order to determine the remaining seed viability in response to
each heat treatment. Viability was visually checked, with those seeds which were empty,
mushy or discoloured being determined as inviable.

2.2.3 Soil seed bank trials
Soil samples for use in heating trials were collected from the Carrington Falls site
during May, 2016 and stored inside a laboratory to air dry within sealed plastic bags. Samples
were collected from within 1m of the understorey of four existing reproductively mature P.
walshii plants in 20 x 14cm rectangular blocks at a depth of 5cm and placed into foil trays.
Samples were mixed and sieved using a coarse sieve to remove large debris such as rocks,
twigs and leaf litter. In order to simulate a natural fire regime, leaf litter was collected and
dried using a CONTHERM Series 5 oven to be used as fuel. The main component of the leaf
litter used as fuel was Eucalyptus species leaves, and any twigs, bark or fresh leaves were
removed prior to burning. These components were removed due to their slow burning nature.
Soil was placed inside foil trays of 20 x 14cm with a depth of 5cm. Several trials were
utilised in order to determine the amount of leaf litter which would be required in order to
obtain temperatures of 60°C for a low temperature burn and 100°C for a high temperature
burn. In these trials three weights of dried leaf litter were used; 0.5kg/m2, 1kg/m2, and
1.5kg/m2, with leaf litter being spread evenly across the surface of the soil samples within the
foil trays. The results of these burns (appendix 1) saw that 1kg/m2 of dry leaf litter was
sufficient to achieve a low temperature burn and 1.5kg/m2 of dry leaf litter was sufficient to
achieve a high temperature burn. Temperature data were collected using iButtons at both 1
cm and 3 cm below the soil surface (two at each depth), with readings being collected once
every minute (figure 2.4). Leaf litter was set alight using a lighter and was left to burn until
all litter had turned to ash (figure 2.5)

Once the trial experiments were complete and the optimal fuel amounts were
determined, I then set about to undertake the main experiment. Burns were conducted for five
replicate trays of soil for the low and high temperature treatments. I also had five control
replicate soil trays in which no burning or leaf litter was added in order to determine rates of
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seed germination in the absence of heat. Prior to burning, three P. walshii seeds were buried
1cm below the soil surface in all sample soil trays in order to overcome Type II errors. A
Type II error could arise where no seed germination is detected in response to the heat
treatments even if there are seeds present in the soil. All trays were placed in a heat and
water-regulated glasshouse, with an automatic watering system that misted each tray twice
per day at 0800 hours and 1600 hours for 5 minutes. Trays were checked twice per week for
P. walshii seedling emergence (figure 2.6).

Figure 2.4: iButtons placed at two depths within the soil samples, 3cm below soil surface on
the left and 1cm below soil surface on the right
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Figure 2.5: Burns were conducted within a safety barrier (left), and were allowed to continue
burning until all leaf litter was reduced to ash (right).

Figure 2.6: P. walshii seedling in centre which emerged from the soil seed bank after heat
treatment.
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2.2.4 Data analysis
For seed germination trials, the effects of differing heat treatments on seed
germination were analysed using proportional data (i.e. the number of germinants divided by
the total number of viable seeds per dish). To achieve this, we used a Generalised Linear
Model (GLM) with binomial error distribution, using the statistical platform R version 3.3.1
(R Core Development Team, 2016). Where a significant difference in means was detected
amongst the different heat treatments, a Tukeys HSD post hoc test was performed to
determine where such differences occurred. For the soil seed bank experiments, a qualitative
approach was taken with the presence and absence of P. walshii seedlings being determined
for each treatments and the total number of P. walshii seedlings which emerged being
counted. A mean number of seedlings per square meter was also calculated in order to
provide an estimate of seed density within the soil seed bank. Also for the seedling
emergence data, I ran a Poisson GLM using JMP Pro v11 to determine whether there was a
significant difference in emergence between treatments. Data were found to be overdispersed,
and so an overdisperson parameter was applied to account for this.

Seed density was calculated by taking the total number of seedlings in each tray, and
multiplying them by 35.7 (area of the soil tray 280cm2 / 10000cm2). Density was calculated
by means of emergence, rather than extraction from the soil, which assumes that the number
of seeds which germinate is equal to the number of seeds present within the soil. This method
does not account for non-viable seeds or dormant seeds in which dormancy breaking
temperature thresholds were not reached, thus these estimates are a minimum number of
seeds per square meter. This is however ecologically powerful as it only accounts for those
seeds which are able to germinate and contribute to future populations.

2.3 Results
2.3.1 Seed germination trials
A cut test showed that the initial viability and potential maximum germinability of
seeds used for this experiment was 100%. Germination rates for P. walshii varied between
heat treatments. From these results it can be determined that germination is strongly linked to
fire, with much higher germination occurring in the presence of fire-related germination cues
(i.e. high temperature heat shock). The 100°C treatment produced the highest rate of
germination, with a mean proportion of 0.84 ± 0.02 of all seeds germinating (fiigure 2.7). A
GLM was able to determine that germination between treatments was significantly different
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(df = 3, χ² = 95.232, P < 0.001), with the Tukeys HSD post hoc test showing that all
treatments were significantly different from one another, besides the control and 60°C
treatments.
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Figure 2.7: Mean proportion of initially viable P. walshii seeds that germinated. Bars
represent means ±1 standard error. Letters represent differences amongst means based on the
Tukeys HSD post hoc test (n = 3 petri dish replicates per heat treatment, with 15 seeds per
petri dish).

2.3.2 Soil seed bank trials
Despite the successful pilot study, data from the iButtons during the main experiment
showed that there was not in fact a consistent difference in the maximum heat level between
the low and high heat treatments (F1,18 = 1.03, P = 0.32) (figure 2.8). This was despite pilot
tests showing a clear distinction in soil temperatures generated by the different litter amounts
used. In the low temperature treatment (1kg/m2 leaf litter) the maximum temperatures ranged
from 64.05°C to 71.75°C with an average of 67.27°C across all five replicates. The high
temperature treatment (1.5kg/m2 leaf litter) saw the maximum temperatures ranging from
62.55°C to 89.55°C, with an average of 75.43°C across all five replicates. Maximum
treatment temperatures ranged from 62.55°C and 89.55°C, with an average of 71.35°C across
all ten treated soil samples.
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Figure 2.8: Column chart showing the maximum temperatures reached for both the 1kg/m²
and 1.5kg/m² treatments for each replicate.

The first P. walshii seedlings did not emerge until ten weeks post-fire (appendix 2).
The mean number of P. walshii seedlings that germinated in the low treatment was 2.8 ±
1.36, with the mean number of seedlings in the high temperature treatment being 0.6 ± 0.25
(figure 2.9). No seedlings germinated in the no-heat control samples, which indicates that
heat application of any temperature positively affects seeds germination. While the difference
in temperature between treatments was not significant, a significant difference was found in
the number of seedlings germinated within the two treatment levels (χ2 = 4.08, P = 0.043).
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Figure 2.9: Mean number of P. walshii seedlings germinated per treatment. Bars represent
means ± 1 standard error. Note that there is no column for the no-heat treatment because no
seedlings were detected in any of the control samples.
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Given that the different temperatures that each tray reached did not fall neatly into the
low and high temperature categories, I decided to also explore these data using a regression
analysis, that examined the relationship between maximum temperature (as a continuous
variable) and the number of seeds that germinated in each tray. A total of 17 P. walshii
seedlings were recorded across the soil trays in the burn treatment, with no seedlings being
recorded in any of the controls, however no significant relationship was found for number of
seedlings and temperature (F = 1.367, P = 0.276) (figure 2.10).
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Figure 2.10: Scatter plot showing the number of P. walshii seedlings emerged from the stored
seed bank plotted against the maximum temperature reached at 1cm soil depth (relationship
non-significant at P < 0.05).

In order to estimate seed density within the soil I pooled the low and high heat
treatment samples together, which resulted in an average rate of seed emergence of 1.7 (±
0.74) seeds per soil sample across the heat treatments compared to zero seedlings in the noheat control samples. This was equivalent to 60.69 ± 26.64 seedlings emerged per m2.
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Chapter 3: Pomaderris adnata
3.1 Study species
Pomaderris adnata (figure 3.1), commonly known as the Sublime Point Pomaderris,
is listed as endangered under the Threatened Species Conservation Act 1995 NSW. This
species is known from only one site, north of Wollongong, and is most commonly found
along the roadside (OEH, 2015b). In a survey conducted by the Office of Environment and
Heritage during 2013 and 2014 six key threats to the survival of P. adnata were identified;
(1) limited distribution and small population size, (2) dumping of rubbish, (3) frequent fire,
(4) road verge maintenance activities, (5) weed invasion, and (6) vehicle access.

Figure 3.1: Image of P. adnata taken at the Sublime Point site.

Pomaderris adnata is known to occur near the edge of the plateau behind the
Illawarra escarpment, with soil being a sandy loam over sandstone. Pomaderris adnata is a
small shrub which grows to approximately 2m in height. Distinguishable features of this
species include: (1) hairy young stems with no hairs on adult stems, (2) narrowly oval shaped
leaves with dimensions of 1.5-3cm long and 3-8mm wide, (3) leaves with upper surface
smooth and under surface hairy, with margins curved downwards, (4) pale yellow coloured
flowers which are borne in many-flower clusters, and (5) fruit is a black, hairy egg-shaped
capsule up to 3mm long (OEH, 2015b).
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Within this chapter, the P. adnata component of this study, we aim to determine the
temperature thresholds at which dormancy is broken or seed mortality is reached via
germination trials using heat shock treatments. We will also evaluate the post-fire life history
of the species through tracking seedling emergence and the survival and mortality rates of
monthly cohorts. Through both of these studies we will be able to determine seed
germination rates as well the post-fire ecology of the species.

3.2 Methods
3.2.1 Study site and habitat context
The study population occurs at Sublime Point, 19km north of Wollongong (34°37’S,
150°39’E) (figure 3.2). The site is located behind the Illawarra escarpment, near to the edge
of the plateau (OEH, 2015b).

Figure 3.2: Maps showing the P. adnata study location; map on left shows general area of the
site, map on right shows location of the site in relation to Wollongong.

The vegetation of the area includes Sydney Coastal Dry Sclerophyll Forests with a
shrubby sub-formation (OEH, 2015b). Tozer et al. (2010) break the vegetation of this area
into a further two vegetation classes: (1) Coastal Sandstone Ridgetop Woodland, which has
shrubs showing the highest percentage of cover, followed by small trees, ground cover, and
the tree canopy. The predominant tree species within this area include Corymbia gummifera,
Eucalyptus sieberi, and E. racemosa, while the predominant shrubs include Leptospermum
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trinervium, Lambertia Formosa, Persoonia levis, Banksia serrata, Platysace linerifolia,
Acacia suaveolens, Isopogon anemonifolius, Dillwynia retorta, Petrophile pulchella, B.
spinulosa, Bossiaea heterohylla, B. ericifolia, A. ulicifolia, Monotoca scoparia and Hakea
dactyloides and the predominant ground species being comprised of Caustis flexuosa,
Lomandra obliqua, Dampiera stricta, Entolasia stricta, Actinotus minor, Cyathochaeta
diandra and L. glauca. It is estimated that between 75 and 90% of the initial area still
remains, with a total 585 flora species persisting within the area, 9 of which are unique to the
area, and (2) Coastal Sandstone Gully Forest, which has shrubs showing the highest
percentage of cover, followed by ground cover, tree canopy and small trees. The predominant
species of the area are quite similar to those of the Coastal Sandstone Ridgetop Woodland,
with the exception of adding E. piperita and Angophora costata to the predominant trees,
Leptospermum polygalifolium, Lomatia silaifolia, Persoonia pinifolia, Acaica terminalis, and
Ceratopetalum gummiferum as additional shrubs and Lomandra longifolia, Pteridium
esculentum, Gonocarpus teucriodes, Dianella excelsa and Lepidosperma laterale being the
predominant ground cover. It is estimated that 70-85% of the initial area still remains, with a
total of 478 flora species persisting within the area, with 2 of these being unique to the area.
During December, 2015 a large fire started in the Maddens Plains area, west of the P. adnata
population which had previously been the subject of a census.

3.2.2 Seed germination and viability trials
Seeds for use in experiments were collected during November, 2014 and dry-stored
within paper bags inside a laboratory at room temperature. Prior to germination seeds were
exposed to one of three heat shock treatments to break physical dormancy: 60, 80, and
100°C, applied using a CONTHERM Series 5 oven. These temperatures were chosen in order
to determine the lower temperature limits at which dormancy can be broken. Due to the rare
nature of P. adnata sufficient seed was not available to perform additional heat shock
treatments at higher temperatures, hence lower temperatures were chosen in order to avoid
high rates of seedling mortality. Each replicate consisted of 20 P. adnata seeds within one
glass petri dish, with three replications per heat shock treatment. Heat shock treatment, petridish preparation (figure 3.3), incubator conditions, inspections and viability testing was
performed using the same methodology as for P. walshii outlined in Chapter 2.
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Figure 3.3: P. adnata petri dish placement within the Labec incubator (left), prepared petri
dish with moist filter paper and gladwrap sealing edges (right).

3.2.3 Field Observations: Post-fire resprouting and seedling emergence
After the December 2015 fire, P. adnata individuals were identified, and were then
tagged and measured for tree height and canopy diameter. Estimates of fire effects were made
for each individual, with measures of scorch height and percent canopy scorch recorded, and
whether resprouting (figure 2.4) had occurred.
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Figure 2.4: Mature P. adnata plant actively resprouting post-fire.
Within the same burnt area, ten 1m2 quadrats were placed randomly within at least 1m
of an adult P. adnata plant to measure the magnitude and timing of post-fire seedling
emergence (figure 2.5). The first census occurred in April, 2016, four months post-fire. In the
initial visit to the site, at which time the quadrats were set up, data was collected on the
percent of litter scorched within the quadrat and the scorch height for trees within 1m of the
quadrat to estimate the fine-scale fire severity in the area surrounding the quadrat. An initial
seedling count was recorded, with an assumption made that this was the first cohort of seeds
post-fire as rainfall had been restricted to a single significant event in March, 12 weeks postfire. Subsequent census every 4 weeks for a total of 5 months determined the number of new
seedlings which had emerged, along with the number of existing seedlings which had
suffered mortality. Seedlings were tagged using plastic lollipop sticks, with each successive
recording having a unique tag in order to track different cohorts. The field observations were
completed in September 2016.
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Figure 2.5: 1m x 1m quadrats were set up within 1m of a mature P. adnata tree.

3.2.4 Data analysis
For seed germination trials, the effect of differing heat treatments was analysed using
proportional data (i.e. the number of germinants over the total number of viable seeds per
dish). To achieve this, we used a Generalised Linear Model (GLM) with binomial error
distribution, using statistics software R version 3.3.1 (R Core Development Team, 2016).
Where a significant difference in means was detected for treatment levels, a Tukeys HSD
post hoc test was performed to compare each treatment. For post-fire resprouting a binomial
GLM was used to determine any correlation between height or DBH and resprouting,
performed using JMP Pro v11. Data for the number of new seedling emergence per census
was plotted against rainfall data for the period post-fire, post-fire seedling emergence and life
history were plotted into graphs using Microsoft Excel.

3.3 Results
3.3.1 Seed germination trials
A cut test showed that the initial viability and potential maximum germinability of
seeds used for this experiment was 92%. The response of P. adnata varied between heat
treatments, with much higher germination occurring in the presence of fire-related
germination cues (i.e. high temperature heat shock). The 100°C treatment showed the highest
germination, with a mean proportion of 0.72 ± 0.04 of all seeds germinating (figure 3.6). A
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GLM was able to determine that germination between treatments was significantly different
(df = 3, χ² = 105.2, P < 0.001), with the Tukeys HSD post hoc test showing that all treatments
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Figure 3.6: Mean proportion of initially viable P. adnata seedlings germinated per treatment.
Bars represent means ± 1 standard error. Letters represent differences amongst means based
on the Tukeys HSD post hoc test (n=3 petri dish replicates per heat treatment, with 20 seeds
per petri dish).

3.3.2 Field observations: Post-fire resprouting
A total of 34% of mature P. adnata were found to be actively resprouting. No
significant relationship was found for tree height ( χ² = 0.55, P = 0.46), however a near
significant result was found when comparing diameter at breast height (DBH) (table 3.1) and
whether resprouting had occurred (χ² = 3.95, P = 0.086) (figure 3.7). Resprouting was found
to occur basally, epicormically, and along branches which had been scorched.

Table 3.1: Summary table showing coefficients and P values from the binomial GLM
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Figure 3.7: Logistic regression showing relationship between DBH and resprouting for P.
adnata.

3.3.3 Field observations: Seedling emergence
The largest number of new seedling emergence occurred during the months of April
and May post-fire, which could be attributed to a high amount of rainfall (200mm) during
March (figure 3.8). The number of new emergents decreased with each census, however the
mean number of P. adnata seedlings did not begin to decline until July, reaching a plateau by
September (figure 3.9). The number of seedlings which faced mortality at each census was
similar to the numbers of new seedlings experienced (figure 3.10), which allowed the mean
number of seedlings per square meter to remain relatively constant. While the number of
seedlings at each census remained quite constant, seedlings did experience mortality. While
small, cohorts 4, 5 and 6 were able to survive at 100%, cohort 2 had the second best
survivorship at 86%, followed by cohort 1 with 80% (figure 3.11). Cohort 3 suffered a 50%
decline in population numbers, this may be attributed to the large rainfall during June
(450mm) when they emerged, which was followed by a significantly drier July, August and
September. Apart from the mortality seen in cohort 3 seedling survival rate was seen to be
quite high, with just a 20% decline in cohort size for census 1 and 15% decline in cohort size
for census 2. At the end of final census the total count for P. adnata seedlings was 12.5
seedlings/m2.
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Figure 3.8: Number of new P. adnata seedlings at each census against total rainfall for each
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Figure 3.9: Mean number of P. adnata seedlings per square meter. Bars represent means ±1
standard error.
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Figure 3.10: Column graph showing total number of new P. adnata seedlings and total
number of seedling death at each census.
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Chapter 4: General Discussion
4.1 Pomaderris seed dormancy and the role of temperature in germination
Fire-related germination cues dramatically affected germination rates in both P.
walshii and P. adnata. This is evidenced by the low rates of seed germination in control
replicates but very high rates of germination when seeds were exposed to heat treatments
across all experiments, with higher temperatures resulting in a higher rate of germination.
Seeds of both species had a high rate of imbibition following high temperature heat shock
treatments with 67% imbibition for 80°C and 91% for 100°C for P. walshii and 80%
imbibition for 80°C and 97% for 100°C in P. adnata. When compared to the low levels of
between 7 and 17% imbibition for the control and 60°C treatment of both P. walshii and P.
adnata it is evident that these high temperatures effectively broke seed dormancy, allowing
for water to penetrate the seed coat. Germination followed imbibition after about two weeks
for both species, which gives an indication of the time frame for germination once water has
penetrated the seed coat. I observed a significant increase in germination for both Pomaderris
species with increasing temperatures. The response of P. walshii and P. adnata in the
germination trials were similar, with both species having the greatest rate of germination at
100°C, closely followed by the 80°C treatment, with little to no germination occurring in the
60°C and no-heat control replicates. These results were similar to those of Haines et al.
(2007), where heating at 60°C resulted in 14% germination for Pomaderris hamiltonii and
20% germination for P. kumeraho. While the study by Haines et al. (2007) did not
experiment further with higher temperatures, the results were quite similar to those found in
this study with P. walshii resulting in a total of 16% of total seeds germinated and P. adnata
resulting in 0.05% germination for the 60°C treatment. A study by Patykowski, Dell &
Gibson (2016) looked at the effect of both 50°C and 100°C heat shock treatments on
Pomaderris vacciniifolia, which again yielded similar results to those found in this study,
with the 50°C treatment showing 10% germination and the 100°C treatment showing 70%
germination.

Given that initial seed viability was high in both species, 100% for P. walshii and
92% for P. adnata, we expected that when temperatures were reached which were able to
break dormancy breaking almost all seeds should germinate. For P. adnata a large proportion
of seeds which did not germinate in the 80 and 100°C treatments were found to be inviable
following dissection, however in the 60°C treatment the majority of seeds which had not
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germinated remained viable. The remaining viability of seeds which had not germinated in
the 60°C heat treatment, paired with the initial viability found for this species, shows that
seed mortality is most likely due to the heat-shock treatment. It is important to note however
that dormancy thresholds are not a static value, hence individual seeds within a seed lot may
have differing thresholds. This can explain why some seeds were able to germinate with
seeds with the same temperature treatment suffering mortality. In contrast P. walshii
demonstrated high levels of seed viability post heat-shock treatment in all heat-shock
treatments. Given that these seeds remained viable following heat-shock treatments it is most
likely that the temperatures reached were not high enough to break dormancy in these P.
walshii seeds. The differences in temperature thresholds which induce seed mortality between
P. walshii and P. adnata may be due to the species having differing dormancy breaking
thresholds. This difference could also be due to the age of the seeds, with the P. adnata seeds
being collected and stored one year prior to the P. walshii seeds, however this was not
investigated in this study and future work is necessary to confirm this.

These findings support the idea that Pomaderris species are physically dormant. With
the control replicates showing little to no germination it is evident that an environmental cue
is required to break dormancy, allowing for water to penetrate the seed coat and initiate
germination. Given that seed viability for both P. walshii and P. adnata were close to 100%,
it can be determined that a lack of germination is directly caused by the absence of fire cues
within the natural environment, at least for fresh seeds like those tested in this study.
However, further studies should include how seeds aged within the seed bank change in their
dormancy characteristics. These experiments demonstrate that heat shock treatments at high
temperatures allow for a significant increase in the proportion of seeds which germinate,
which suggests that a high intensity fire would allow for the highest rate of germination postfire.

While there have been only a few studies completed on Pomaderris species in relation
to the effects of heat as a germination cue, several studies have focused on the effects of heat
shock treatments on members of other species within the family Rhamnaceae. The
Rhamnaceae family is one of 15 angiosperm families which are known to possess seeds with
physical dormancy (Turner et al., 2005). Turner et al. (2005) completed a study on physical
dormancy in seeds of six genera of Australian Rhamnaceae, one of which was Pomaderris
paniculosa, finding that water uptake in non-scarified or heat treated seeds was minimal,
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resulting in these seeds being classed as physically dormant. It was found that a single
treatment of hot water was sufficient to break dormancy in each of the six species and
allowed for germination to occur. Similarly, Hanley and Lamont (2000) found that in
Trymalium ledifolium, another member of the Rhamnaceae family, germination increased
with increasing temperature heat shock treatments. They found that this species exhibits a
steady increase in germination with an increase in temperature, with the 100°C and 120°C
treatments exhibiting the highest rate of germination. These studies demonstrate that physical
dormancy is common in species belonging to the Rhamnaceae family, with high temperatures
being most efficient in breaking dormancy. From this it can be inferred that it would be
expected that Pomaderris species will also exhibit some form of physical dormancy and
dependence on heat-shock to initiate dormancy.

The dormancy breaking temperature thresholds seen in these two Pomaderris are quite high.
Auld and O’Connell (1991) underwent a study on 35 southeastern Australian Fabaceae
species, finding that temperature thresholds varied significantly. They found that three
species (Pultenaa daphnoides, P. linophylla and P. stipularis) experienced over 50%
germination after heat treatment of 40°C. While I did not attempt germination at 40°C, the
low numbers of germinants in the 60°C treatment infer that a 40°C treatment would have
similarly low numbers. Auld and O’Connell also found that a 60°C treatment was effective in
breaking dormancy in Bossiaea heterophylla, with 92-100% germination at this temperature,
however the 80°C was seen to be just as effective. All species in the study were found to have
the highest germination at 80°C. This contrasts to the results found in this study, with both
Pomaderris species showing the highest rates of germination in the 100°C temperature
treatment. Similarly, Ooi et al. (2014) performed a study looking at dormancy breaking
temperature thresholds in 14 plant species which are found within the Sydney Basin
Bioregion, southeast NSW, which found that for 8 of the 14 species (Dillwynia retorta,
Gompholobium grandiflorum, B. rhomifolia, G. latifolium, D. floribunda, B. heterophylla, B.
obcordata and Pultenaea stipularis) maximum germination was reaches after 60 or 80°C
treatments. This shows that these Pomaderris species have quite a high temperature threshold
for breaking dormancy when compared with others in the region.

These results allow us to have a better understanding of the fire response of these two
Pomaderris species. In terms of the fire regime, this study infers that a high intensity fire
would promote the highest rate of germination. The intensity of a fire is directly related to the
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amount of fuel present as well as the moisture content of this fuel (Russell-Smith et al.,
2007). Soil heating is hence correlated to the amount of dried fuel, i.e. leaf litter, available to
be consumed by the fire, with higher severity fires requiring more fuel than low severity fires.
For species such as the two Pomaderris in this study, which require high temperatures in
order to break dormancy, large amounts of fuel are therefore required in order to reach these
temperatures.

4.2 Pomaderris walshii seed persistence within the soil seed bank
The findings of the soil seed bank study correlate to those found in the germination
trials, with P. walshii seedlings only being found in those trays which were subjected to the
heat treatment. The key difference between the results seen in the soil seed bank experiment
and the germination by heat shock was that no significant relationship was detected between
temperature and the number of seedlings germinated. Surprisingly, the highest rates of
germination were found in trays in which the temperature reached a maximum of 64.05°C
and 66°C, however not all trays which reached this temperature saw the same high
germination rates and germination rates were still low with 5 and 7 emergent seedlings
respectively. These results differ substantially from those found in the laboratory germination
trials, where the 60°C heat treatment yielded low rates of germination when compared with
the higher temperature treatments. These results may be attributed to the relatively small
samples which were used. As such a small volume of soil was taken from the site, in order to
reduce disturbance of the area, it is possible that the samples taken were from positions which
had significantly less seeds stored than adjacent areas. Another explanation for these findings
could be attributed to a difference in dormancy rates between fresh seeds and seeds stored
within the soil seed bank. Recent studies have explored this theory, with dormancy breaking
thresholds showing a significant difference between soil stored seed and fresh seed for in four
Fabaceae species, Acacia linifolia, Aotus ericoides, Bassiaea heterophylla and Viminaria
juncea, with those seeds which were older having lower temperature thresholds than fresh
seeds (Liyanage & Ooi, in press). As it has been several years since the last fire occurrence in
the P. walshii habitat it can be assumed that seeds held within the seedbank are from several
seasons, whereas the laboratory germination trials were conducted on fresh seeds from the
current season. This may explain why we saw a reduction in temperature thresholds required
to break dormancy in these seed bank experiments. However further investigations are
required in order to rule out other possibilities such as scarification through rubbing against
sand grains or any fungi or nutrient interactions. Further evidence for aged seeds displaying a
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reduced temperature threshold for breaking dormancy can be seen in germination trials for P.
adnata where fresh seeds saw minimal germination for the control, 40, 60 and 80°C heat
treatments, with only the 100°C treatment yielding significant germination (Ooi, unpublished
data). The seeds which were used in this study were from the same collection as those used
by Ooi (unpublished data), and resulted in the 80°C heat treatment yielding a high rate of
germination. This is further evidence that aged seeds have a lower temperature threshold at
which dormancy can be broken. Given the similar nature of P. walshii and P. adnata, it can
be assumed that dormancy for the two species follow the same mechanisms.

While a lowering of temperature thresholds required to break physical dormancy may
be responsible for these results, the rates of germination of P. walshii seeds seen within the
treated trays were relatively low with similarly low numbers emerging from the stored seed
bank. As initial viability was known to be high for fresh P. walshii seedlings it can be
assumed that upon entering the soil seed bank viability was also high, with planted seeds
having a high initial viability. Due to a relatively low number of planted seeds germinating, it
can be argued that the low numbers seen are due to either germination cues not being
sufficient to break dormancy or treatments causing seed mortality. Results from the
laboratory germination studies showed that the highest rates of germination occurred at
100°C, however no soil tray was able to reach these temperatures within the experiment. This
could also explain the low rates of germination experienced, as the majority of seeds would
not have had their dormancy broken. The results show that each replicate yielded at least one
P. walshii seedling, which leads to the notion that temperatures reached during heating were
sufficient in breaking dormancy in at least some seeds buried within the soil profile, however
not at a high rate.

Through germination trials in this study we determined that P. walshii have physical
dormancy. While the temperatures reached may be the leading factor in the low rates of
germination seen we must consider that the underlying issue may be the soil seed bank itself.
While we did see some germination from the soil seed bank, numbers of germinants were
quite low when compared to the number of seeds which are produced by mature plants and
have the potential to enter the seed bank. Through seed collection we can say with certainty
that production of seeds is not a limiting factor. This leads to the consideration that there
may be other factors relating to the low rates of germination, such as seed predation, lack of
mutualists such as ants to disperse the seeds into the soil, or high rates of seed mortality upon
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entering the soil profile. Although I did not experience rates of germination high enough to be
confident in saying that P. walshii maintains a stored soil seed bank, the results of this study
allow us to conclude that at least some seeds are stored within the soil profile. These seeds
are presumably able to persist within the soil profile until fire-related cues occur, which
generally mark a suitable time for germination. While present, the small numbers of emergent
seedlings found in this study provides little opportunity for reestablishment after a fire, and
hence if favourable conditions for seedling development are not met immediately after
germination, or the occurrence of another disturbance comes to soon after establishment, it
could be detrimental to population survival.

In the post-fire environment conditions are favourable for seedling establishment with
increased availability of resources, reduced competition and freedom from herbivory
(Whelan, 1995; Bell, 1999; Ooi, Auld & Whelan, 2004). While reduced competition from
established mature plants is apparent post-fire, it is evident that competition within the soil
seed bank is high with seeds competing for moisture, nutrients and space upon the initiation
of germination (Penman et al., 2008). When compared with the germination times for other
species which came up within the experimental treatments of this study, it was seen that P.
walshii had a much longer time to germination than other common species. No explanation
for this delayed emergence was explored in this study.

4.3 Post-fire recruitment dynamics of Pomaderris adnata
According to the Office of Environment and Heritage species fact sheet, P. adnata is
not known to be a resprouting species. This lends to its consideration as an obligate seeder,
however in this study it was discovered that 34% of the established population within
Maddens Plains were actively resprouting post-fire. This finding provides the possibility of P.
adnata being classed as a facultative seeder, meaning that the species is able to both resprout
post-fire and utilise a soil seed bank for post-fire germination. It should however be noted
that this appeared to be a low severity fire, with many of the Pomaderris adults being
scorched rather than completely killed by the fire. While no correlation was found between
height and resprouting, a significant relationship was found for DBH and resprouting, with
the probability of resprouting decreasing with increasing DBH. This indicates that younger
plants have more resilience to fire and provide some ability for this species to resprout, at
least at the low severity fires experiences at this study site. The fact that younger plants are
shown to more readily resprout indicates that there may be some adaptive trait which younger

37

plants maintain which is lost at matuiry. It is uncertain whether resprouting could occur
following a high severity fire which results in the death of adult plants.

While no data was collected in the months post-fire prior to April, the high number of
seedling emergence during April and May allows us to assume that a large germination event
had not yet occurred. This also correlates with the time to germination in P. walshii as seen in
the soil seed bank experiments, where under favourable conditions germination did not occur
until 10 weeks post-fire. The high amount of rainfall in March further supports this claim,
with the preceding month being significantly drier and not ideal for seedling survival. After
the initial flush of seedlings seen in April and May, it appears as though rainfall does not
significantly affect germination or seedling survival. As each census became a single cohort,
we were able to track the survivorships of seedlings of different ages. The first census, which
produced cohort 1 and are hence the oldest seedlings, had the highest number of initial
seedlings. Each subsequent census showed a decline in the total number of new seedlings.
The number of seedlings at the conclusion of the last census is high, with the seedling
population being 357% higher than the existing adult population. If the high survival rates
shown through this study continue it could prove sufficient in boosting population size.

For obligate seeding species which maintain physical dormancy an established soil
seed bank is pivotal to ensuring population persistence. From the high numbers of P. adnata
seedlings recorded in this study it is evident that this species is effectively utilising a stored
seed bank, whilst also resprouting as a form of regeneration post-fire, with germination not
occurring until favourable conditions arise. With the high numbers of seedlings found within
the study site, it can be determined that germination is not a limiting factor once temperatures
which are able to break seed dormancy arise. Post-germination, the most important factor
relating to population re-establishment is seedling survival. In studies by Auld (1987) and
Chappell & Agee (1996) it was found that a lack of moisture availability was responsible for
the highest rates of seedling mortality across a range of species. Through the duration of this
study a significant amount of rainfall was experienced. This could relate to the high levels of
seedling survival which have been demonstrated. Studies by Charron & Greene (2002) and
Quintana et al. (2004) have focused on the survival of seedlings post-fire. Both studies
showed that the highest rate of germination occurred within the first year post-fire, with
subsequent years producing fewer seedlings. Furthermore, Quintana et al. (2004) found that
establishment was mainly found to be from first-year germinants, with the majority of late
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seedlings dying prior to maturity. This finding shows that it is important to have the majority
of seeds germinate within the first year post-fire, as these seedlings have the highest success
rate of reaching maturity.

Conversely, Quintana et al. (2004) found that survival for the first cohort was not the
highest. These findings are similar to those seen in this study, as cohort 2 had a higher rate of
seedling survival than cohort 1. Charron & Greene (2002) also discovered that that the first
year of a cohort suffers the highest rate of mortality, with seedlings which are able to survive
through the first year most likely reaching maturity. As the majority of seeds germinate in the
first year post-fire, this depletes the soil seed bank which needs to be regenerated by
reproductively mature adult plants. The minimum time to reach maturity was found to be two
years for two Pomaderris species; P. vacciniifolia (Patykowski, Dell & Gibson, 2016) and P.
reperta (NSW Scientific Committee, 2009). Due to the similar nature of P. walshii and P.
adnata to other Pomaderris species, it can be assumed that both these study species also have
a minimum of two years before reaching maturity. This means that fire frequency must be
more than every two years in order for the soil seed bank to be replenished and allow for
population rejuvenation (Auld, 1987).
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Chapter 5: Management Implications and Future Research
5.1 Management implications
The results of this study, along with other publications on Pomaderris, provide a
pivotal starting point for future research on these species. From these results we can now be
certain that the two study species which form the foundations of this research are indeed
physically dormant. The germination responses for both P. walshii and P. adnata to heat
treatment have been determined for the first time in this study. This study provides a
foundation for temperature thresholds which need to be achieved in order to break dormancy
in these species. This is vital for future management as it dictates the temperature levels
which need to be reached in order to maximise germination. From the results found in this
study, through both laboratory germination studies and soil seed bank studies, it is evident
that these two Pomaderris species do indeed respond to fire. The high temperatures at which
the highest rates of germination were seen in the laboratory germination studies indicate that
a high severity fire would be most effective in achieving high rates of germination in an insitu controlled burn. Although the results of the soil seed bank study show a potential for
some germination at low fire severities, a much bigger flush of emergence would be likely
after a higher severity fire, and I would still recommended that when implementing fires,
managers try to make it as hot as possible to ensure a good germination response.

From both the soil seed bank and life history studies it is apparent that P. walshii and
P. adnata have a slower emergence time than many other species. The reasons for this were
not explored during this study, however should be identified prior to conducting a controlled
burn. The results from the P. adnata life history study point to high rates of seedling survival
during the early stages of development, this has great management implications as it provides
a good indication of the total number of new plants which have the potential to join the
population and boost numbers and genetic diversity upon maturation. The finding of
resprouting of P. adnata post-fire also has significant management implications. As the fire
which affected the population was of low severity we can only be certain that resprouting
occurs after a low severity fire where adult plants have been scorched and not killed. This
however is a new finding for the species which was thought to only repopulate through
germination of seeds within the soil seed bank. The results from this study have great
implications for future management practices. From the data collected we can infer that the
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implementation of a fire regime will dramatically increase the rates of germination seen in
both of the studied Pomaderris species.

5.2 Future research
This study provides a strong foundation for understanding the ecology of these two
threatened Pomaderris species. Through several differing types of experimental trials we
were able to discern the lower temperature limits at which a fire is required to burn in order to
see high levels of germination. Due to a lack of seeds, owing to the endangered status of both
species, higher temperatures were not able to be tested. It is recommended that future studies
identify these upper limits for both germination and mortality by conducting germination
trials with temperatures greater than 100°C. It is also important to consider the age of seeds
when conducting these trials as it was discovered that older seeds of P. adnata had a lower
threshold than those seen in fresh seeds. Future work should include trials on both fresh and
aged seeds in order to determine the effects of temperature on seeds of differing ages found
within the soil seed bank. Furthermore, while the census data compiled for P. adnata
provides a good starting point in regards to the life history of the species, further census’ in
the future will enable a stronger understanding of seedling survival and mortality rates. This
study has provided a starting point for a better understanding of these two species, which I
hope has enabled more robust recommendations to be made in regards to their management.
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Appendix 1: Results from soil seed bank pilot study
Three different weights of dried leaf litter were used in pilot studies in
order to determine the amount of litter needed in order to achieve a low and
high severity burn. For this trial the weights used were: 0.5kg/m2, 1kg/m2 and
1.5kg/m2. Results showed that each treatment was significantly different from
the other two treatments (F2,17 = 15.91, P = 0.0002). The mean temperature for
the 0.5kg/m2 was found to be 44°C ± 2.06, the mean temperature reached for the
1kg/m2 treatment was 65.53°C ± 4.68, and the mean temperature reached in the
1.5kg/m2 treatment was 84.23°C ± 6.37. While I was not able to reach the high
treatment value of 100°C, these results gave me the confidence that using a
1kg/m2 and 1.5 kg/m2 would be effective in mimicking a low and high severity
fire. The 0.5kg/m2 treatment was not used as the mean maximum temperature
was seen to be too low when compared to the results from the laboratory
germination trials.
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Figure 1: Column graph showing the mean maximum temperatures reached for
each burn treatment. Bars are 1 standard error.
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Appendix 2: Succession of new emergence in the soil seed bank
experiments
The following series of photos, taken every two weeks starting two weeks post-fire,
show the succession of seedling emergence post-fire within the soil trays for the P. walshii
soil seed bank experiment outlined in Chapter 2. Each series of 6 photos represents one
replicate in each treatment, with images moving from left to right.
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